Precursor message RNA (pre-mRNA) splicing is executed by the spliceosome, a large ribonucleoprotein (RNP) machinery that is comparable to the ribosome. Driven by the rapid progress of cryo-electron microscopy (cryo-EM) technology, high resolution structures of the spliceosome in its different splicing stages have proliferated over the past three years, which has greatly facilitated the mechanistic understanding of pre-mRNA splicing. As the largest and most conserved protein in the spliceosome, Prp8 plays a pivotal role within this protein-directed ribozyme. Structure determination of different spliceosomal complexes has revealed intimate and dynamic interactions between Prp8 and catalytic RNAs as well as with other protein factors during splicing. Here we review the structural dynamics of two elements of Prp8, the N-terminal domain (N-domain) and the Switch loop, and delineate the dynamic organisation and underlying functional significance of these two elements during spliceosome assembly and activation. Further biochemical and structural dissections of idiographic splicing stages are much needed for a complete understanding of the spliceosome and pre-mRNA splicing.
INTRODUCTION
Pre-mRNA splicing, the process for removal of introns and ligation of exons, is catalysed by a mega-Dalton ribonucleoprotein (RNP) machinery, termed the spliceosome (1) . The spliceosome consists of five small nuclear RNPs (snRNPs), each of which contains one piece of uridine-rich small nuclear RNA (snRNA) and several respective specific proteins, in addition to dozens of non-snRNP proteins. The process of pre-mRNA splicing generally is composed of four steps: assembly, activation, catalysis and disassembly, and is directed by eight consecutive spliceosomal complexes that have been characterised to date (Figure 1 ). The spliceosome is assembled first into the A complex, which is composed of U1 and U2 snRNPs and the substrate, a premRNA intron, and then into the pre-catalytic B complex after recruiting the pre-formed U4/U6.U5 tri-snRNP. For catalysis to occur, the spliceosomal B complex needs to be activated into the B act complex, a process involving dramatic conformational and compositional changes, and further catalytically activated into the B* complex as executed by an ATPase, Prp2. The spliceosomal B* complex in turn catalyses the first transesterification reaction of splicing, whereas the resultant C complex, after transformed into the C* complex by Prp16, catalyses the second transesterification reaction. After catalysis, the products, the mRNA and intron lariat, are released, and the spliceosome is disassembled and prepared for the next round of splicing.
High-resolution structure of the spliceosome is critical to the mechanistic understanding of pre-mRNA splicing. Through the substantial advancement of cryo-electron microscopy (cryo-EM) technology, the first atomic structure of the spliceosome was resolved in 2015 (2) . Subsequently, a collection of atomic and near-atomic structures of the spliceosome at its different stages has been obtained in the past two years ( Figure 1 ). Together, these structures have shed new light on our understanding of the intricate organisation of the intact spliceosome and splicing mechanism, and provided the structural basis for elucidating the common evolutionary origin between the spliceosome and group II intron (3) (4) (5) . In addition, structure determination in splicing complexes also helps to ascertain precisely the different sub-stages of the splicing process as exemplified by the yeast and human tri-snRNP complexes (6) (7) (8) . Among the four steps of the splicing pathway, spliceosome assembly and activation remain less well understood. Recently, atomic structures of the spliceosomal pre-catalytic B and activated B act complexes, which correspond to stages prior to and after spliceosome activation, have been determined by cryo-EM (9) (10) (11) (12) (13) (14) . Here, we scrutinise the aminoterminal domain (N-domain) and the Switch loop of Prp8, the largest and most conserved protein in the spliceosome, within these structures, and obtain some new insights regarding the process of spliceosome assembly and activation.
DISCUSSION

Dynamics of the N-domain of Prp8
Prp8 consists of four domains: the N-domain, the Core (also called the Large domain), RNase H-like (RH) and Jab1/MPN (Figure 2A ) (4) . As the evolutionary counterpart of group II maturase (15) , the Core of Prp8 can be further divided into four subdomains: reverse transcriptase (RT) fingers/palm, thumb/X, linker and endonucleaselike (En). Of the four Prp8 domains, the structure of the N-domain has only become available by recent cryo-EM within the intact spliceosome, whereas structures of the other three domains were determined previously by crystallography (16) (17) (18) (19) (20) (21) . Structural analysis of different cryo-EM structures of spliceosomal complexes showed that, whereas the N-domain binds to U5 snRNA together with Snu114 as a rather rigid functional unit, its position relative to the Core is variable. To date, three distinct conformations of Prp8 between the N-domain and the Core have been observed: open, partially closed and completely closed (Figure 2B) (11) . Prior to spliceosome activation, Prp8 adopts a partially closed conformation in the pre-catalytic B complex. However, it changes into the completely closed conformation following activation in the B act complex. This conformation is subsequently well maintained during catalysis and disassembly stages in the C, C*, P and ILS complexes (4, (22) (23) (24) (25) . The open conformation has only been observed in the structure of the human tri-snRNP. Notably, Prp8 in the yeast tri-snRNP structure, in which the Brr2 position is different from that in human, adopts a partially closed conformation similar to that in the pre-catalytic B complex structures. Clearly, there is a tight correlation between the three conformations and these functional states of splicing complexes.
Because the 5 exon resides in the channel between the N-domain and the Core during catalysis, this location is accordingly called the exon channel (9) . Although Prp8 assumes the same partially closed conformation in the structures of both yeast and human pre-catalytic B complexes, the exon channel harbours different RNA molecules in these two complexes (11, 12) . In the yeast B complex structure, the 5 end of U6 runs through this channel, whereas in human the 5 exon is wrapped up this location, arguing that the identified structures of the yeast and human B complexes represent different pre-catalytic states.
In addition, comparison between structures of the precatalytic B and activated B act complexes in yeast showed that the RNAs in the exon channel also differ. That is, the 5 end of U6 in the B complex is replaced by the 5 exon in the B act complex. The different RNA configurations in these two complexes indicate that there must be a conformational change of Prp8 for toggling of these two molecules during spliceosome activation in yeast. We propose that the partially closed conformation would transiently turn to a more opened conformation for exchanging of the 5 exon with the 5 end of U6, and then return to the completely closed conformation during activation in yeast ( Figure 2C ). In comparison, in human, the positions of the 5 end of U6 and the 5 exon in the structure of the pre-catalytic B complex, which are similar to those in B act complexes, are already in place in preparation for catalysis (11, 13, 14) . This suggests that, an equivalent conformation change as is observed in the yeast structures is unlikely to occur in human during spliceosome activation.
Regulation of Prp8 conformation by the Prp38 complex
As mentioned above, Prp8 adopts different conformations within the cryo-EM structures of yeast and human trisnRNPs. Actually, this conformational difference may be explained by the distinct structural organisation of the complex between these two organisms. In the structure of the human tri-snRNP, hSad1 stably associates with the complex and locks Brr2 in an inactive state by preventing its loading onto the substrate U4 snRNA (6, 26) . However, Sad1 only weakly interacts with the tri-snRNP in yeast (27) . In accordance with this, Sad1 was not present and Brr2 was already loaded onto U4 in the cryo-EM structures of the yeast tri- snRNP (7, 8) . As the yeast tri-snRNP structure is well maintained in the yeast B complex structure and also resembles the tri-snRNP part in the human B complex structure, it can be inferred that, the state in the human tri-snRNP structure precedes that in the yeast structure during tri-snRNP assembly. Therefore, these two states are accordingly termed tri-snRNP state 1 and 2 ( Figure 3 ). As only a single state has been observed in either yeast or human to date, we consider that state 1 would likely be stable in human but unstable or transient in yeast; whereas state 2 would likely be stable in yeast but unstable or transient in human.
Previously, it was found that the Prp38 complex (composed of Prp38, Snu23 and Spp381/MFAP1) is recruited into the spliceosome as a tri-snRNP component in yeast. In comparison, in human, it enters the spliceosome during B complex assembly as a non-snRNP complex (28) . The different incorporation timing of Prp38 complex between yeast and human indicates that this complex may play different roles during tri-snRNP and spliceosome assembly in different organisms (Figure 3) .
Considering the presence of the Prp38 complex, which interacts with U4-loaded Brr2 through its Spp381 and Snu23 components, and the lack of Sad1 in the purified yeast trisnRNP used for cryo-EM structure determination, it is possible that the incorporation of the Prp38 complex would promote the dissociation of Sad1 and accelerate the flipping of Brr2 from state 1 to state 2 during the assembly of a stable yeast tri-snRNP. Alternatively, for human tri-snRNP, the absence of the Prp38 complex make it necessary for hSad1 to hold Brr2 away from its substrate to allow the stable existence of the complex. It would thus be interesting to capture the yeast tri-snRNP in the absence of the Prp38 complex, and to determine the presence of Sad1 and the position of Brr2 in the complex.
Aside from its putative role in tri-snRNP assembly, the Prp38 complex may also account for the distinct Prp8 conformations and RNA content within the exon channel between yeast and human structures during spliceosome assembly. In the structures of both yeast and human precatalytic B complexes, the Prp38 complex is located between the N-domain and the En of the Core domain of Prp8, suggesting it would anchor the partially closed conformation of Prp8 (11, 12) . In yeast, the configuration of the Prp38 complex relative to Prp8 in tri-snRNP was believed to be the same as that in B complex, although its location was not determined in tri-snRNP owning to poor electron density (12) . Similar configurations consequently likely account for the same partially closed conformations of Prp8 between these two complexes during spliceosome assembly. This further indicates that the RNA content within the exon channel, the 5 end of U6, in yeast tri-snRNP, is right locked by the Prp38 complex and remains unchanged after being recruited into the B complex. Conversely, in human, the open conformation of Prp8 in tri-snRNP is converted to the partially closed conformation during spliceosome assembly, consequent to the exchange of U1 and U6 for basepairing to the 5 splice site catalysed by Prp28, and then is locked by the Prp38 complex which enters simultaneously as a nonsnRNP complex. Based on above analysis, we therefore propose that the different configurations of RNA molecules in the exon channels of the yeast and human B complexes, are essentially caused by the different incorporation timing of the Prp38 complex.
The structural organisation difference between yeast and human tri-snRNP cryo-EM structures in addition to the disintegration property upon addition of ATP and the contamination of the spliceosomal B complex in the purified yeast tri-snRNPs used for structure determination (7, 8) , have recently led some researchers to conclude that the yeast tri-snRNP as observed in the cryo-EM structure may derive from dissociated pre-catalytic B complexes and thus do not actually exist in the cell (11, 29, 30) . Although the possibility of such derivation from dissociated endogenous B complex cannot be excluded, the cellular existence of this tri-snRNP should remain undoubted, as this complex has been characterized biochemically and structurally in different laboratories (31) (32) (33) (34) . Disintegration of the purified yeast tri-snRNP upon addition of ATP is likely caused by loss of factors that maintain the integration of the complex during the purification step (35) . Moreover, the contamination of B complexes in the purified yeast tri-snRNP may be due to the different procedure (gel filtration instead of glycerol gradient) used for purification of the complex (8) . In fact, the presence of this yeast tri-snRNP could be readily validated by the isolation and characterization of the complex following the in vivo depletion of factors that are required for B complex formation.
Functional implication of the Switch loop of Prp8
Another notable feature of Prp8, which was also first observed within the cryo-EM structure of the spliceosome, is the Switch loop (Figure 2A ). The Switch loop is a short fragment (residues 1402-1439 in Saccharomyces cerevisiae) that stretches out from the linker of the Core domain in Prp8. As shown in Figure 4A , there are two different conformations of the Switch loop (4). One conformation, the tip of the Switch loop pointing towards the intersection of the RT finger/palm, the thumb/X and the Ndomain, is observed only in activated and catalytic spliceosomal complexes (B act , C, C* and P) in which the 5 exon is already loaded in the exon channel of Prp8 (4, (22) (23) (24) (25) . Hence this conformation is termed the active form of the Switch loop. The other conformation, accordingly called the inactive form, in which the Switch loop flips 180
• and touches the En of the Core domain, is found in other Prp8-containing complexes (B and ILS, tri-snRNP and Prp8-Aar2 complexes) (4, 11, 12, 21) . During spliceosome activation, the Switch loop changes its conformation from the inactive to the active form, and interacts with the 5 exon together with Cwc21, a B act specific protein. The configuration of the active form of the Switch loop suggests that it plays a role in stabilising the 5 exon during catalysis.
Structure examination of the pre-catalytic B and activated B act complexes shows that, the Switch loop is tightly regulated during spliceosome activation. In the yeast B complex, the inactive form of the Switch loop is held by an unassigned peptide (12) , whereas in human it is stabilised by Snu66 (11) . Inspection of the mass spectrometric data of the chemically crosslinked yeast tri-snRNP from the Shi laboratory (8), which clearly contained some B complexes, indicates that the unassigned peptide may presumably derive from the carboxyl-terminal Spp381 ( Figure 4B ). Overall, these results suggest that the Prp38 complex or Snu66 retains the Switch loop in an inactive form prior to spliceosome activation ( Figure 4C ). In comparison, in the B act Figure 2A ) of Prp8 are shown. The structures are shown in surface mode except for the Switch loop, which is displayed in cartoon and coloured in red. PDB code for depiction of the structure is also indicated. (B) Upper panel, crosslinked residues between Prp8 and C-terminal Spp381 in yeast are listed. Lower panel, location of corresponding crosslinked residues in Prp8 are indicated in the structure and coloured in firebrick. The Switch loop is coloured in red, Spp381 in purple and its putative C-terminus (the unassigned peptide of Chain X in PDB 5NRL) in blue. The PDB code for depiction of the structure is also indicated. (C) The Prp38 complex (Spp381 in blue, Prp38 in green and Snu23 in orange) or Snu66 (purple) help to fix the inactive form of the Switch loop in the pre-catalytic B complexes. The PDB code for depiction of the structure is also indicated. (D) The active form of the Switch loop is held by Cwc21 (deepblue) and Cwc22 (yellow) after spliceosome activation and during catalysis. 5 exon is also shown and coloured in brown. Prp8 are depicted in surface while others including the Switch loop in cartoon. The PDB code for depiction of the structure is also indicated. (E) Secondary structure of the group II intron (left panel) and corresponding locations of IBS and EBS elements in a crystal structure of group II (PDB 4R0D) (right panel). EBS2 is coloured in red and the exon sequence in cyan. (F) Sequence alignment of Prp8 from yeast (S. cerevisiae), human (H. sapiens), C. merolae, T. adhaerens and E. cuniculi around the Switch loop region. complex, as well as in subsequent catalytic spliceosomal complexes, the active form of the Switch loop is buttressed by Cwc21 and Cwc22 ( Figure 4D ) (4) . It has been proposed that the active form of the Switch loop is toggled back to the inactive form by the action of Prp22 during the P to ILS transition (22) . Although it is unknown how the active form is first established during splicing, its close correlation with the presence of Cwc21 and Cwc22 in spliceosomal complexes strongly suggests that this conformation is formed concurrently with the incorporation of B act specific proteins during spliceosome activation. Because the Ninteen complex (NTC) is required for stable association of U5 and U6 with the spliceosome during spliceosome activation (36) , it is conceivable that B act specific proteins and NTC may act in concert to position pre-mRNA and catalytic snRNAs respectively. Considering the different configurations of the Switch loop and its interacting proteins in B and B act complexes, we propose that during spliceosome activation, the Switch loop is first unlocked from its inactive form by removal of the Prp38 complex and Snu66, together with other U4 and U4/U6 proteins, in a process driven by Brr2, then changes into its active form and is subsequently anchored by Cwc21 and Cwc22 when NTC, and possibly also NTCrelated (NTR) proteins, enter the spliceosome. In the yeast B complex, the 5 exon is still outside of the exon channel. Therefore, its loading into the exon channel would be prerequisite for establishment of the active form of the Switch loop during activation.
Sequence comparison between Prp8 and group II maturase showed that the Switch loop or similar sequences is not present in the latter, suggesting that this loop is created during the evolution of the spliceosome. However, the functional implication of the Switch loop in stabilising the 5 exon during catalysis, renders it a presumable counterpart of another group II intron element, exon-binding site 2 (EBS2) ( Figure 4E ) (37) . EBS sites (EBS1 and EBS2) and their corresponding intron-binding sites (IBS, IBS1 and IBS2), which were identified 30 years ago, function during intron splicing via respective basepairing interactions in group II introns IIA and IIB (38, 39) . It was initially found that the interaction between loop I of U5 and the 3 end of 5 exon in the spliceosome is functionally equivalent to EBS1-IBS1 basepairing (40) . However, no counterpart of EBS2-IBS2 interaction has been found in the spliceosome. Here, the presumable function of the active form of the Switch loop allows us to hypothesise that the Switch loop in the spliceosome is equivalent to EBS2 in group II introns. Examples of the replacement of RNA functionality by proteins during evolution has been found previously, such as RNase P (41) . The Switch loop may possibly represent another such example during evolution.
Previously, in vitro biochemical studies found that loop I of U5 is dispensable for the first catalytic step in yeast and for both steps in human during splicing (42, 43) . Considering the possibility that the Switch loop functions as an EBS2 element, the dispensability of U5 loop I in splicing would likely be partially compensated by the Switch loop during catalysis. This further indicates that U5 loop I and the Switch loop may have some functional redundancies in positioning the 5 exon during splicing. Therefore, it may be worthwhile to test this idea by examining the splicing outcome and efficiency after deleting or truncating the Switch loop and mutating the loop I of U5.
However, evidence also exists that apparently counters the presumable function of the Switch loop on the 5 exon. First, the Switch loop region of PRP8 gene in S. cerevisiae is a hotspot site for transposon insertion of a 69-bp sequence in an in vitro study (44) . Second, this loop is missing in Cyanidioschyzon merolae (C. merolae), whose spliceosome is highly streamlined, and partially missing in Trichoplax adhaerens (T. adhaerens) and Encephalitozoon cuniculi (E. cuniculi) ( Figure 4F ). It is likely that the function of the Switch loop in splicing is differentially compromised or streamlined in different organisms during evolution. Nevertheless, experimental dissection of the Switch loop is awaited to understand its authentic mechanism in splicing.
PERSPECTIVES
The recent explosion of high resolution structures of the spliceosome spanning the whole splicing cycle, provides a wealth of new data, as well as new questions regarding this complex splicing machinery. Here, by scrutinising two Prp8 elements, the N-domain and the Switch loop, within structures of the spliceosome both prior to and after activation, we delineated the dynamic organisation and underlying functional significance of these two elements during spliceosome assembly and activation. It is worth noting that our analyses and hypotheses are heavily based on recent cryo-EM structures, which may be influenced by details of sample preparation and structural annotation for determination of these structures, and therefore may not reflect the authentic situation in the cell. Moreover, the splicing process and the spliceosome are more complex than what we have understood, as some spliceosomal complexes or intermediates cannot be properly located within the splicing process (45, 46) . As argued by Mayerle and Christine Guthrie that (47) , the utilization of biochemistry and genetics, in addition to other biophysical approaches such as singlemolecule fluorescence resonance energy (smFRET) as have been witnessed in the ribosome field (48) and recently in the splicing field (49) , are required for a complete understanding of the mechanism of pre-mRNA splicing. Spliceosome activation generates the catalytic RNA network and sets the stage for the upcoming catalysis during splicing. However, this process is poorly understood compared to others. Detailed investigation of this transition thus requires further biochemical and structural dissection of the process.
